The recent association between IC-170922A and the blazar TXS0506+056 highlights the importance of real-time observations for identifying possible astrophysical neutrino sources. Thanks to its near-100% duty cycle, 4π steradian field of view, and excellent sensitivity over many decades of energy, IceCube is well suited both to generate alerts for follow-up by other instruments and to rapidly follow up alerts generated by other instruments. Detection of neutrinos in coincidence with transient astrophysical phenomena serves as a smoking gun for hadronic processes and supplies essential information about the identities and mechanisms of cosmic-ray accelerators. In 2016, the IceCube Neutrino Observatory established a pipeline to rapidly search for neutrinos from astrophysical transients on timescales ranging from a fraction of a second to multiple weeks. Since then, 67 dedicated analyses have been performed searching for associations between IceCube neutrinos and astrophysical transients reported by radio, optical, X-ray, and gamma-ray instruments in addition to searching for lower energy neutrino signals in association with IceCube's own high-energy alerts. We present the event selection, maximum likelihood analysis method, and sensitivity of the IceCube real-time pipeline. We also summarize the results of all follow-up analyses to date.
Introduction
Major breakthroughs in multi-messenger astronomy have been made recently thanks to realtime alerts generated by observatories and rapidly followed up by other instruments. This includes the first electromagnetic counterparts of a gravitational wave source [1] and evidence for neutrino emission by a flaring blazar [2, 3] . The latter was possible thanks to a real-time neutrino alert generated by the IceCube Neutrino Observatory and followed up by two dozen observatories including (in gamma rays) the Fermi Large Area Telescope, MAGIC, and VERITAS. Because IceCube views the entire sky (both the Northern hemisphere and, with reduced sensitivity, the Southern hemisphere) with over 99% duty cycle, there is excellent potential for additional discoveries in the opposite direction: IceCube can search for neutrinos from arbitrary directions and times in response to interesting astrophysical phenomena detected by other observatories.
Astrophysical transients including blazar flares, supernovae, tidal disruption events, fast radio bursts, microquasar flares, and gravitational wave sources including gamma ray bursts are all possible high-energy neutrino sources. IceCube developed and executes a rapid response pipeline in order to search for neutrinos from these or any other astrophysical objects or multi-messenger events, given particular directions and time windows determined from observations by other instruments. The pipeline uses a selection of muon neutrino candidate track events called the "gammaray followup" (GFU) event selection because it was originally developed for triggering rapid veryhigh-energy gamma-ray observations [4] . The events are identified quickly at the South Pole and relayed over satellite to the University of Wisconsin with 0.5 minute mean latency. The all-sky average GFU event rate is ∼6 mHz. This background rate has modest (∼10% peak-to-peak) annual modulation due to seasonal variation of the atmospheric temperature and pressure. The event rate as a function of declination is shown in Figure 1 . Events in the Northern hemisphere are predominantly atmospheric neutrinos and those in the Southern hemisphere are predominantly atmospheric muons.
In addition to well localized sources (with uncertainty smaller than the ∼1 • angular reconstruction uncertainty of events in the GFU sample), the pipeline can search for (1) neutrino emission with a radially symmetric, extended spatial distribution, or (2) point-like neutrino emission within an extended search region of arbitrary probability distribution on the sky. This is the same feature of the analysis framework that is used for IceCube's rapid follow-up of gravitational wave events [5] , and it is also useful for other sources with extended localization regions including fast radio bursts detected by radio interferometers [6] and tau neutrino candidates detected by the ANITA neutrino detector [7] .
In addition to executing the pipeline in response to external triggers, we run it in response to IceCube's own high-energy neutrino alerts to search for accompanying events at lower energy in the same direction. For each high-energy neutrino alert, two time windows are searched: (-1, +1) day and (-30, +1) day with respect to the alert neutrino time. For these analyses, the IceCube event that triggered the alert is excluded from the analysis sample. The two durations are selected to strike a balance between model independence and background control: larger signal search windows are sensitive to all signal durations up to the search window, but with increased background. Most of the declination dependence is a result of background rate variation. The solid line shows the discovery potential, i.e., the minimum flux required to achieve a 5σ discovery in 50% of signal plus background realizations (including Poisson fluctuations of each). The dashed line shows sensitivity, i.e., the 90% confidence level upper limit corresponding to the the median value of the test statistic for the background-only hypothesis. (Right) Pipeline sensitivity and discovery potential as a function of signal window duration, for declination δ = 15 • and zero spatial source extension. Since the background rate is low, the sensitivity remains flat for timescales less than 10 5 seconds. In both plots the flux is time integrated over the analysis window duration.
Method and sensitivity
The fast response pipeline uses the same unbinned maximum likelihood method (described in [8, 9] ) used for most IceCube searches for point-like astrophysical neutrino sources. In particular, because this is a search for transient or flaring emission, the likelihood includes a Poisson term that compares the total number of events observed in the search window with the number expected from background. This is the same method that is used for IceCube analyses of gamma-ray bursts [10] and fast radio bursts [11] . This is in contrast to searches for steady neutrino emission, such as [12] , in which comparing the total observed counts with the total expected counts is not very helpful because such analyses are highly background dominated. The likelihood includes an energy term in order to weight higher energy events as more signal-like than lower energy events under the expectation that astrophysical neutrino sources have harder spectra than the atmospheric muon and neutrino spectra. This expectation is supported by measurements of the diffuse astrophysical neutrino spectrum. The analysis is optimized for an E −2 power law spectrum and is also sensitive to other similar spectra. The fast response pipeline method and performance were reported in [13] . Figure 2 shows the sensitivity and discovery potential of the pipeline as a function of declination and signal time window duration. For duration below ∼10 5 seconds, the sensitivity (average upper limit that is set in the absence of a detection) is independent of duration because the expected number of background events is well below 1. The number of events required to achieve 5 σ detection depends on the source declination and analysis time window as well as the energy and angular uncertainty of the detected events. For some analysis configurations with short search time window, one event is sufficient for 5 σ detection.
Results and outlook
As of July 10, 2019, the pipeline has been run 67 times. The target object and results for each analysis are summarized in Table 1 . The distribution of p values from individual analyses is shown in Figure 3 .
The four most significant analyses have p < 0.035: PKS 0346-27 (a blazar flaring in the GeV band, p = 0.01), 2018cow (a mysterious transient with a variety of hypothesized explanations including that it was a bright and unusual supernova or something more exotic, p = 0.03), IC-180908A (an IceCube event from the extremely high energy stream, p = 0.03), Fermi J1153-1124 (a blazar flaring in the GeV band, p = 0.02). For each of these analyses, Figure 4 shows a sky map of IceCube events detected during the analysis time window and within the region of interest.
No analysis by the pipeline has yet resulted in a statistically significant detection of a signal. However, the pipeline is a powerful tool that may enable a future discovery of a neutrino counterpart of a transient/flaring source identified using another messenger or a discovery of a lower-energy neutrino counterpart associated with one of IceCube's high-energy alerts. Either would provide new information essential for determining the sources and emission mechanisms of astrophysical neutrinos. Now that the pipeline is executed routinely and is well understood, search results including quantitative upper limits are typically reported publicly via GCN or ATel. Members of the astronomical community as well as interested members of the public can monitor these channels to determine whether IceCube has analyzed any particular source of interest. Thanks to IceCube's high duty cycle, full-sky field of view, and low latency, this stream of analysis results reported publicly in near real time may soon include a new discovery. Continuous p-value expectation IceCube Alerts GRBs Blazars Other Figure 3 : P value distribution for all analyses run by the fast response pipeline, separated according to source class, as of July 10, 2019 . No analysis has resulted in a statistically significant signal detection. Analyses typically have a short search time window, with an expected number of background events significantly less than one. In this regime, the unbinned maximum likelihood method performs approximately the same as a binned Poisson counting experiment whose p value is determined by the number of counts. Because of this, the p value distribution under the background-only null hypothesis is discrete, with a high fraction of occurrences at p = 1.0 corresponding to zero events in the signal window, and a separate cluster of p values corresponding to one event in the signal window. The expectation for a continuous, uniform p value distribution is shown for reference. Figure 4 : Sky map of IceCube events in the region of interest for the four analyses with smallest p value. The radius of each event circle indicates its angular uncertainty (90% containment), and the color indicates its time relative to the center of the search window. For each analysis, the analysis duration ∆t is given in Table 1 . For followup of IceCube's own high-energy event, that event's error circle is indicated with a dashed line and it is not included in the analyzed event sample.
